Extracellular vesicles (EVs) are mediators of juxtacrine and paracrine signaling required for metastatic progression ([@r1], [@r2]). Specifically, tumor- and stromal cell-derived EVs have been shown to be potent regulators of tumor progression and resistance to therapy by transferring their cargo (proteins, lipids, mRNA, miRNA) into recipient cells, promoting signaling cascades and epigenetic changes. Although, cancer cell-derived EVs have been shown to regulate premetastatic niche formation, organotropism, migration, invasion, stemness, and survival, little is known about their role in regulating the metabolism of cancers ([@r3]).

Even though the estrogen receptor (ER)-positive variant of breast cancer is touted as the most indolent and favorable, the majority of breast cancer deaths are in fact from this subtype ([@r4]). There are several features of this category of breast cancers that likely account for this outcome. The first is that metastatic relapse can occur many years after initial diagnosis of primary disease. The second is that, when metastases do occur, they are invariably in many locations. This observation suggests that these dormant/sleeping metastatic cells are globally awakened, as if by a systemic infection activating the metabolism of these formerly quiescent cells. The third is that, once the cancer cells awaken into full-blown metastatic disease, they are largely resistant to ER-directed therapies (i.e., hormonal therapy, HT) ([@r5]). We suggest that these processes are not only linked but underlie the lethal features of metastatic disease.

The metabolic features of ER^+^ breast cancer and its evolution from HT-sensitive (HTS)/responsive to dormant (HTD) and the eventual development of HT-resistant (HTR) disease is poorly studied, in part due to a paucity of preclinical models. We suggest that mitochondrial activity and the regulation of mitochondrial biogenesis is central to this process. MtDNA levels and mutational status within cancers have recently become of interest, as these are associated with the development of a wide variety of cancers and resistance to therapies ([@r6][@r7]--[@r8]). For example, nontumorigenic cancer cells lacking mtDNA could reacquire tumorigenic potential in vivo following the acquisition of host mtDNA ([@r9]). Complementation of deleterious mtDNA mutations increases tumorigenicity, while expression of such genetic lesions impedes cancer cell growth ([@r10]). We hypothesized that EVs could regulate the metabolic features of HTR disease. We determined that as ER^+^ cancers transition from an HTS/dormant state to a resistant one, they acquire host mtDNA, which promotes oxidative phosphorylation (OXPHOS), an exit from dormancy, and the development of HTR disease. We discovered a mechanism of mtDNA transfer. Specifically, we identified the full mitochondrial genome packaged in cancer-associated fibroblast (CAF)-derived EVs and in EVs from patients with HTR metastatic disease. These EVs could transfer their mitochondrial genome in HTS/HTD cancer cells, which promoted the growth of these cells. These findings suggest that as cancers evolve they may regulate their metabolism/OXPHOS capacity through the elimination and acquisition of mtDNA from "healthy" cell-derived EVs.

Results {#s1}
=======

Mitochondrial Genome Identified in EVs from Patients with HTR Disease. {#s2}
----------------------------------------------------------------------

Given the growing recognition of the importance of mtDNA copy number in the evolution of cancers, and particularly in resistance to therapy ([@r6][@r7]--[@r8]), we hypothesized that these features might be captured in circulating EVs. Although the mitochondrial *ND1* gene was previously identified in the EVs of glioblastoma cell lines and astrocytes ([@r11]), the presence of mitochondrial DNA has not been examined in EVs from patients with breast cancer. To address this hypothesis, we isolated and characterized EVs by electron microscopy and NanoSight analysis, which demonstrated cup-shaped membrane vesicles ∼140 nm in diameter from the plasma of patients with metastatic ER^+^ breast cancer who at the time of blood draw had HTR disease ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Table S1](#d35e490){ref-type="supplementary-material"}). Genomic DNA is commonly found in EVs. However, in agreement with the current literature, DNase treatment of EVs remarkably lowered overall DNA content, which indicates that the majority of DNA resides on the outer surface of EVs ([@r12], [@r13]). To determine the content of DNA inside the vesicles, EVs were treated with DNase to digest cell-free DNA collected during EV isolation. Our findings revealed that 19/22 (∼86%) of these patients had EVs containing high levels of mtDNA, irrespective of tumor burden ([Fig. 1*A*](#fig01){ref-type="fig"}, mitochondrial *ND1* gene copy number). Conversely, EVs isolated from the plasma of (*i*) individuals who were never diagnosed with cancer (*n* = 9), (*ii*) patients who were newly diagnosed with early-stage (I--II) ER^+^ breast cancer (following tumor removal) and thus had no evidence of cancer (*n* = 12), and (*iii*) patients with de novo untreated stage IV cancer (*n* = 6) had either undetectable or very low levels of *ND1* copies ([Fig. 1*A*](#fig01){ref-type="fig"}). These data suggest that the presence of the *ND1* mtDNA in circulating EVs is selective for patients with HTR disease and is not simply a reflection of metastatic disease burden. We and others have previously described the presence of genomic DNA in EVs from cancer-derived cell lines and in patients with pancreatic cancer ([@r13]). However, in our cohort of patients with metastatic HTR disease, only 7/22 (32%) expressed the nuclear gene encoding *GAPDH* ([*SI Appendix*, Fig. S1*A* and Table S1](#d35e490){ref-type="supplementary-material"}). Not only was the *ND1* mitochondrial gene expressed in circulating EVs from HTR patients, but also the complete mitochondrial genome, as determined by long-range PCR (three PCRs amplifying 3.9-kb, 5.5-kb, and 7.8-kb amplicons encompassing the complete 16.6-kb circular mitochondrial genome) and by whole mtDNA genome PCR amplification of 46 amplicons ([Fig. 1 *B* and *C*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*B*](#d35e490){ref-type="supplementary-material"}).

![Mitochondrial genome identified in EVs from the plasma of patients with HTR disease. (*A*) Circulating EVs were isolated from the plasma (5--10 mL) of 22 patients with HTR metastatic disease \[patients with high-volume disease (\>10% of organ involvement) are denoted in red, and those with low-volume disease (\<1% of organ involvement) are denoted in blue\], 9 healthy controls, 12 patients with early-stage breast cancer following removal of their cancer, and 6 patients with de novo metastatic breast cancer who had not yet received treatment. MtDNA copy number quantification was determined after DNase treating EVs by qPCR for the *ND1* gene (10 ng of DNA was used). A representative NanoSight plot (mode and size) and electron micrographs are also shown (patient 6). Data are reported as the mean ± SD for experiments performed in triplicate; each point represents a patient value. \**P* \< 0.005 (Student's *t* test). (*B*) Schematic and representative gel electrophoresis image of long-range PCR (three contiguous amplicons: Mito1, 3.9 kbp; Mito2, 5.5 kbp; Mito3, 7.8 kbp) encoding the complete 16.6-kbp circular mitochondrial genome purified from EVs in the plasma of patient 29 (2 ng of total DNA). (*C*) Schematic and a representative gel electrophoresis image of whole-genome amplification (using 46 overlapping PCR amplicons covering the complete mtDNA genome) from patient-derived EV-DNA (1 ng for each PCR) (EVs were derived from patient 24, see uncropped gel [*SI Appendix*, Fig. S1*B*](#d35e490){ref-type="supplementary-material"}). For EV analysis of all patients, see [*SI Appendix*, Table S1](#d35e490){ref-type="supplementary-material"}.](pnas.1704862114fig01){#fig01}

Development of Xenograft Models of HTS to HTR Disease. {#s3}
------------------------------------------------------

To study these phenomena in vivo, we developed experimental models that capture some of the essential features of the clinical scenario described above (the development of HTR disease) ([@r14]). ER^+^ (MCF7-Luciferase/GFP^+^) mammary fat pad (MFP) xenografts were established in the absence of estradiol supplementation ([@r14]). To identify the distinguishing characteristics of HTR disease, tumor-bearing mice were treated with HT (fulvestrant). Interestingly, we observed a bimodal growth pattern with no growth for 4 mo (HTS) followed by exponential growth (HTR) ([Fig. 2*A*](#fig02){ref-type="fig"}).

![The horizontal transfer of host (murine) mtDNA associates with HTR disease. (*A*) Representative tumor-growth kinetics (determined by bioluminescence imaging, BLI) of GFP^+^/Luciferase^+^MCF7 xenografts (*n* = 10) treated weekly with fulvestrant once MFP tumors were established (3 mo after inoculation), which led to a 4-mo period of disease stability on HT (HTS) followed by exponential growth on HT (HTR). Representative H&E images of tumors and primary cultures from unsorted as well as FACS-purified cancer cells (GFP^+^/Epcam^+^) and mCAFs (GFP^−^/Epcam) are shown. (Scale bars, 100 μm.) (*B*) OXPHOS potential in tumor-derived cancer cells ± HT (fulvestrant, 10 μM) in *A* was measured by Seahorse technology. (*C*) DNA level expressed as fold change (human and murine nuclear and mitochondrial) (log~10~ scale) in cancer cells and mCAFs isolated from HTS and HTR disease in *A*. (*D*) Percentage of metastatic lesions isolated by FACS from tumor-bearing mice (*n* = 8 per group) expressing mu-mtDNA as determined by *ND1* qPCR (2 ng of total DNA). OCRs in mu-mtDNA^+^ and control HTR cells were determined by Seahorse technology. (*E*) Mu-mtRNA expression of 12 genes (*ND1*, *ND2*, *COX2*, *ATP8*, *ATP6*, *COX3*, *ND3*, *ND4L*, *ND4*, *ND5*, *ND6*, *CytB*) is shown as fold change (log~10~ scale) determined by qRT-PCR in the HTR and HTS cells in *A*. (*F*) Proliferation potential in the presence of the mitochondrial complex III inhibitor atovaquone (1 μM) in HTR cells with/without HT (fulvestrant, 10 μM). The bar graph shows BLI values at the end point of the experiment (7 d). Data in *B*--*F* are reported as the mean of three independent experiments; error bars indicate SD; \**P* \< 0.05 (student's *t* test).](pnas.1704862114fig02){#fig02}

Metabolic Features of HTS Versus HTR Disease. {#s4}
---------------------------------------------

We, and others, have demonstrated that luminal (ER^+^) breast cancers are metabolically dependent on OXPHOS rather than on aerobic glycolysis ([*SI Appendix*, Fig. S2 *A* and *B*](#d35e490){ref-type="supplementary-material"}) ([@r14], [@r15]). We hypothesized that the metabolic profile of HTR tumor cells might differ from that of HTS tumor cells.

To test this, we established primary cultures from two different tumor phases (HTS and HTR) and noted an enrichment of murine cancer-associated fibroblasts (mCAFs) in the HTR primary cultures compared with HTS ones ([Fig. 2*A*](#fig02){ref-type="fig"}).

These data were also corroborated in our recent paper in which increased CAF proliferation in HTR disease was quantified by different techniques ([@r16]). Additionally, desmin immunohistochemical analysis of these HTR tissues confirmed the presence of CAFs, suggesting that the communication between cancer and stroma cells could instigate resistance to HT ([*SI Appendix*, Fig. S2*C*](#d35e490){ref-type="supplementary-material"}). By FACS analysis we separated cancer cells (EpCAM^+^/GFP^+^) from mCAFs (EpCAM^−^/GFP^−^) in these tumor specimens ([Fig. 2*A*](#fig02){ref-type="fig"}) and examined OXPHOS capacity in these FACS-sorted tumor-derived cells in the presence or absence of HT (fulvestrant). The OXPHOS potential of HTS cells was inhibited with HT, while HTR tumor-derived cells, which were unaffected by HT, had a threefold greater OXPHOS capacity than HTS cells ([Fig. 2*B*](#fig02){ref-type="fig"}).

Host mtDNA Transfer in Xenograft Models of HTR Disease. {#s5}
-------------------------------------------------------

Because depletion of mtDNA, as well as mtDNA mutations, abrogates OXPHOS function along with tumorigenic potential, we hypothesized that HTR lesions would carry wild-type mtDNA and higher mtDNA copy number, explaining their increased OXPHOS capacity. We performed detailed genetic characterization of mtDNA for the presence of mutations. MtDNA mutations were found in HTS cells, suggesting that reduced OXPHOS potential in HTS disease may be due to the presence of such mtDNA genotypes ([*SI Appendix*, Table S2](#d35e490){ref-type="supplementary-material"}). In contrast, HTR cells harbored no such mutations and expressed murine mtDNA (mu-mtDNA) sequences (but not nuclear DNA, mu-nDNA) at levels equal to those found in mCAFs, whereas there was no evidence of mu-mtDNA in HTS tumor-derived cells ([Fig. 2*C*](#fig02){ref-type="fig"}). Additionally, HTS-derived xenograft cultures did not show outgrowth of mCAFs in vitro ([Fig. 2*A*](#fig02){ref-type="fig"}). As in the MCF7 xenograft model, we found the presence of mu-mtDNA in one of three (33%) patient-derived tumor graft (PDX) cancer cell lines that we recently established from HRT bone metastases ([*SI Appendix*, Fig. S2*D*](#d35e490){ref-type="supplementary-material"}) ([@r16]).

To study the relevance of OXPHOS in the context of HTR metastatic disease, tumor-bearing mice (MCF7 model) underwent mastectomies followed by adjuvant HT (tamoxifen) or vehicle control and were followed for ∼9 mo. One hundred percent of the control mice had evidence of one or two metastases. Although 90% of the HT-treated mice had no evidence of disease, 10% had widespread (\>20) HTR metastases involving multiple organs ([*SI Appendix*, Fig. S2*E*](#d35e490){ref-type="supplementary-material"}) ([@r14]). Cancer cells were from HTR metastatic lesions isolated by FACS (for GFP), and the presence of mtDNA was determined. Six of eight HTR metastases but only one of eight treatment-naive metastases expressed mu-mtDNA ([Fig. 2*D*](#fig02){ref-type="fig"}). Interestingly, mu-mtDNA--harboring (mtDNA^hi^) HTR cells had a higher oxygen consumption rate (OCR) than HTR cells lacking mu-mtDNA ([Fig. 2*D*](#fig02){ref-type="fig"}). Additionally, in agreement with a functional role of mu-mtDNA transfer, these mu-mtDNA^hi^ HTR cells expressed the complete mu-mtDNA--encoded transcriptome ([Fig. 2*E*](#fig02){ref-type="fig"}).

To determine the role of mitochondrial bioenergetics in HTR disease, mu-mtDNA^hi^ HTR cells and HTS cells (with no mu-mtDNA) were treated with the OXPHOS inhibitor atovaquone with and without HT (fulvestrant). We demonstrated that atovaquone resensitized HTR cells to HT ([Fig. 2*F*](#fig02){ref-type="fig"}). On the contrary, HTS cells displayed the same sensitivity to fulvestrant and mitochondrial respiratory complex inhibitors, suggesting that OXPHOS inhibitors and HT did not have a synergistic effect on cell proliferation and/or cell death ([*SI Appendix*, Fig. S2*F*](#d35e490){ref-type="supplementary-material"}). Taken together, our data suggest that host (murine)-derived mtDNA is acquired as cancer cells or metastases transition from an HTS state to one characterized by HTR.

CAF EVs Contain the Full Mitochondrial Genome. {#s6}
----------------------------------------------

We have described and quantified the enrichment of CAFs in HTR disease from two different models, MCF7 and ZR751 ([@r16]). It is well accepted that CAFs and recruited bone marrow-derived stromal cells play a critical role in cancer initiation, growth, invasion, metastasis, and therapeutic resistance through the production of growth factors, cytokines, chemokines, catabolites, extracellular matrix proteins, and EVs, which modulate the behavior of cancers, including their metabolism ([@r15][@r16][@r17]--[@r18]). Given that EVs have been shown to express and horizontally transfer genetic material (e.g., DNA, miRNA) to recipient cells ([@r19]), we hypothesized that CAF-derived EVs could (*i*) harbor the mitochondrial genome and (*ii*) transfer the mtDNA into the mitochondria of HT-treated tumor cells. We demonstrated that mice harboring HTR xenografts had circulating EVs with a 150-fold higher mu-mtDNA ND1 level than mice HTS xenografts ([Fig. 3*A*](#fig03){ref-type="fig"}). Moreover, the ratio of mtDNA/genomic DNA was markedly elevated in these EVs ([*SI Appendix*, Fig. S2*G*](#d35e490){ref-type="supplementary-material"}).

![Stromal-derived EVs harbor the mitochondrial genome. (*A*) qPCR of mu-mtDNA copy number (*ND1* gene) in circulating EV DNA isolated from HTR and HTS tumor-bearing mice (*n* = 3 per group). (*B*) Electron microscopy (scale bar, 500 nm) and NanoSight analyses of EVs isolated from mCAFs. The concentration of particles is reported as mean ± SD. (*C*) Representative exosomal proteins identified by quantitative mass spectrometry of mCAF-derived EVs ([*SI Appendix*, Table S3](#d35e490){ref-type="supplementary-material"}). (*D*) Ratio of mtDNA/nDNA level by qPCR (two unique primer sets were used for murine *ND1*, and one set each was used for human *ND1*, murine *GAPDH*, and human *GAPDH*) in EVs isolated from mCAFs and human bone marrow stromal cells (H-BMSCs, HS27a) ± DNase0 treatment to eliminate exogenous DNA contamination ([*Materials and Methods*](#s11){ref-type="sec"}). A representative electron microscopy image of HS27a EVs is shown. (Scale bar, 500 nm.) (*E*) Schematic and representative PCR gel electrophoresis of mtDNA (*ND1*) and nDNA (GAPDH) from fractions following sucrose cushion purification ([*SI Appendix*, *Materials and Methods*](#d35e490){ref-type="supplementary-material"}) of mCAF-derived EVs. Free DNA was eliminated by DNase0 digestion before extraction of EV-DNA. Western blot analysis of Actin, the EV marker CD63, and the mitochondria marker ATP5A1 is also reported in each EV isolated component. (*F*) mtDNA level as absolute copy number (qPCR, *ND1*) from HS27a EVs and cells. (*G*) Schematic and representative gel electrophoresis image of long-range PCR (three contiguous amplicons; [*SI Appendix*, Table S4](#d35e490){ref-type="supplementary-material"}) encoding the 16-kbp mtDNA genome from purified EVs ± DNase0. (*H*) Electropherogram of the DNA sequence of the *ND1* gene showing a mutation conserved between HS27a cells and EVs ([*SI Appendix*, Table S2](#d35e490){ref-type="supplementary-material"}). Data are presented as the mean of three independent experiments; error bars indicate SD; \**P* \< 0.05 (student's *t* test).](pnas.1704862114fig03){#fig03}

We isolated EVs from the conditioned media of cultured mCAFs using a sucrose gradient approach. Electron microscopy and NanoSight analysis of these EVs demonstrated cup-shaped membrane vesicles ∼150 nm in diameter ([Fig. 3*B*](#fig03){ref-type="fig"}). Although these vesicles are larger than standard exosomes (∼100 nm), quantitative mass spectrometry of these CAF-derived EVs revealed the presence of some mitochondrial proteins, such as ATP5A and VDAC1, together with numerous canonical proteins identified in exosomes (i.e., vesicles of endocytic origin) ([Fig. 3*C*](#fig03){ref-type="fig"} and [*SI Appendix*, Table S3](#d35e490){ref-type="supplementary-material"}) ([@r20]). By qPCR, using specific primers for mtDNA and nDNA, we determined that mtDNA was markedly enriched in EVs compared with nDNA, as DNase0 treatment of EVs eliminated most free-DNA contamination but had no effect on mtDNA levels ([Fig. 3*D*](#fig03){ref-type="fig"}). Flotation of the centrifuged pellets on a sucrose cushion followed by EV isolation and DNA and Western blot analyses further demonstrated that mtDNA is enriched in the CD63^hi^ EV component ([Fig. 3*E*](#fig03){ref-type="fig"}). In agreement with the mass spectrometry data ([Fig. 3*B*](#fig03){ref-type="fig"}), we confirmed the up-regulation of mitochondrial complex V subunit F0 (ATP5A1) in the mtDNA^hi^/CD63^hi^ EV component ([Fig. 3*E*](#fig03){ref-type="fig"}). These data suggest that components of mtDNA^hi^ EVs may originate from mitochondria.

In addition to mCAFs, we also examined EVs from distinct human cell lines including cancer cell lines (HeLa, Caski, MCF7), bone marrow-derived stromal cell lines (HS27a, HS5), normal fibroblasts (HMF, MRC5), and patient-derived CAFs (primary cultures from bone metastases of breast cancers). The levels of mtDNA in EVs were proportional to cellular mtDNA expression ([*SI Appendix*, Fig. S3*A*](#d35e490){ref-type="supplementary-material"}). Using multiple approaches, including absolute DNA copy number, long-range PCR, 46-amplicon--based PCR, and rolling circle PCR coupled with the selective amplification of mtDNA sequences, we identified the complete circular mitochondrial genome packaged within EVs with the exception of those from HS5 cells ([*SI Appendix*, Fig. S3 *B*--*E*](#d35e490){ref-type="supplementary-material"}). Interestingly, we also determined the presence of high levels of mtDNA-laden EVs in CAF primary cultures derived from breast cancer metastases ([*SI Appendix*, Fig. S3*B*](#d35e490){ref-type="supplementary-material"}). Among all the examined models, HS27a-derived EVs expressed the highest levels of mtDNA relative to intracellular mtDNA ([Fig. 3 *F* and *G*](#fig03){ref-type="fig"}). Consistent with their cell of origin, mtDNA SNPs and mutations were also conserved between cells and their EVs, suggesting that this process does not necessarily serve simply to clear damaged mtDNA genomes, e.g., after a mitophagic trigger ([Fig. 3*H*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*F*](#d35e490){ref-type="supplementary-material"}) ([@r21]). Taken together these data demonstrate the presence and packaging of the entire mitochondrial genome within many, but not all, cell-derived EVs.

Functional Consequences of EV mtDNA Transfer. {#s7}
---------------------------------------------

Given our observation that mu-mtDNA was acquired in the transition from HTS to HTR tumors ([Fig. 2](#fig02){ref-type="fig"}) and the presence of the mitochondrial genome within CAF EVs, we hypothesized that EVs could transfer mtDNA to cancer cells, promoting HTR disease. To test this hypothesis, we isolated EVs from wild-type and mtDNA-deficient CAFs using the ρ0 protocol ([*Materials and Methods*](#s11){ref-type="sec"}). Notably, the depletion of mtDNA in CAFs did not affect their proliferation potential but resulted in a profound decrease in EV mtDNA copy number as well as mitochondrial transcripts ([Fig. 4*A*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4 *A* and *B*](#d35e490){ref-type="supplementary-material"}). To test the role of mtDNA transfer in mediating the transition from HTS to HTR disease, we isolated EVs from murine CAFs (wild type or ρ0) and administered them to HT-naive cells once weekly for 4 wk in the presence or absence of HT ([Fig. 4*B*](#fig04){ref-type="fig"}). The number of EVs administered (3 × 10^9^) was determined experimentally (10^8^--10^11^ EVs were tested) and represents the amount produced by ∼1 × 10^9^ cells in 48 h. No effect of EVs was observed in the absence of HT, while CAF-derived mito^hi^-EVs conferred HTR growth ([Fig. 4 *B* and *C*](#fig04){ref-type="fig"}).

![mCAF-derived EVs educate tumor cells, mediating HTR disease. (*A*) Mu-mtDNA copy number by qPCR in mCAFs and their EVs; Wt, wild type; ρ0, cells depleted for mtDNA ([*Materials and Methods*](#s11){ref-type="sec"}). The bar graph reports the mean copy number (log~10~ scale) of three independent experiments; error bars indicate SD. \**P* \< 0.05 (Student\'s *t* test). (*B*) Schematic showing HTS cells (green) treated with 3 × 10^9^ mCAF-derived EVs (wild-type mtDNA^hi^ or ρ0-mtDNA^lo^) once weekly for 4 wk + HT (fulvestrant, 10 μM/wk), leading to the growth of wild-type mtDNA^hi^-EV--educated cells. (*C*) Proliferation (shown by Calcein AM staining) of BT474 (HTS cells) cultured for 24 d ± HT (fulvestrant, 10 μM/wk) and treated weekly with 3 × 10^9^ mCAF-derived EVs (wild-type mtDNA^hi^ or ρ0 mtDNA^lo^). The mean ± SD for each time point of the growth curve is reported; \**P* \< 0.05 (post hoc *t* test corrected for multiple comparisons after GLM for repeated measures). (*D*) Schematic and tumor growth curve of HTS cells (MCF7) injected into the MFP and subsequently educated weekly via retroorbital injection of 3 × 10^9^ with wild-type mito^hi^ or ρ0-mtDNA^lo^ EVs. After 8 wk, HT was administered (fulvestrant, 100 μg/wk) for 6 wk. The mean ± SEM for each time point of the growth curve is reported; \**P* \< 0.05 (post hoc *t* test corrected for multiple comparisons after GLM for repeated measures).](pnas.1704862114fig04){#fig04}

Further characterization of the OXPHOS capacity of HTR cells demonstrated an increase in OXPHOS in those cells educated with mito^hi^-EVs, but no effect was observed in the HT-treated cells educated with mito^lo^-EVs ([*SI Appendix*, Fig. S4*C*](#d35e490){ref-type="supplementary-material"}). In addition, the HTR mito^hi^-EV--educated cells contained EV-derived mu-mtDNA ([*SI Appendix*, Fig. S4*D*](#d35e490){ref-type="supplementary-material"}). We next asked if the transfer of mtDNA in vivo could promote HTR disease. To test this hypothesis, we injected HT-naive cells into the MFP of mice followed by weekly injections of either CAF-derived mito^hi^-EVs or EVs lacking mtDNA (mito^lo^-EVs). After 2 mo, no difference in tumor growth was observed in the two cohorts. However, 6 wk following the administration of HT (fulvestrant), the mice educated with mito^hi^-EVs had developed HTR tumors showing increased mu-mtDNA copy number, while those educated with mito^lo^-EVs had evidence of HTS disease, as their tumor burden decreased ([Fig. 4*D*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4*E*](#d35e490){ref-type="supplementary-material"}). Thus, we demonstrated that the presence of mtDNA is required for the EV-mediated HTR phenotype both in vitro and in vivo.

EV-mtDNA Transfer Mediates an Exit from Metabolic Dormancy. {#s8}
-----------------------------------------------------------

Since human mtDNA was reduced but still present following HT, we asked whether mu-mtDNA alone could rescue the loss of OXPHOS potential in cancer cells depleted of endogenous mtDNA. To do so we generated luminal breast cancer cells depleted of mtDNA (ρo) and educated these cells with mu-mtDNA^hi^ CAF-EVs for 2 mo. Not surprisingly, these ρo cells did not proliferate in vitro or in vivo, and EV-mediated mtDNA transfer did not rescue their proliferation potential ([*SI Appendix*, Fig. S5*A*](#d35e490){ref-type="supplementary-material"}). These latter observations suggested that the residual presence of endogenous mtDNA is necessary for the exogenous mtDNA-mediated proliferation potential of recipient cells.

We next hypothesized that EV-mediated mtDNA transfer may also occur in dormant or metabolically quiescent tumor cells, leading to an exit from dormancy. To address this hypothesis, we first considered the recipient cells. We previously showed that HT (fulvestrant or tamoxifen) treatment of HT-naive tumor cells led to the generation of cells that were metabolically OXPHOS low and expressed low levels of mtDNA ([@r14]).

Similarly, here we treated ER^+^ tumor-derived cells and cell lines with vehicle or HT (fulvestrant) and isolated viable (DAPI^−^) cells by FACS ([Fig. 5*A*](#fig05){ref-type="fig"}). These HTD cells (*i*) did not proliferate in culture but remained viable as single cells and (*ii*) displayed decreased expression of genes related to protein synthesis and OXPHOS, as determined by microarray analysis ([*SI Appendix*, Fig. S5*B*](#d35e490){ref-type="supplementary-material"}). In several models of HT-induced tumor dormancy, we demonstrated that mtDNA level (copy number) was reduced by 70--90% in the HT-treated cells compared with controls ([Fig. 5*B*](#fig05){ref-type="fig"}). Additionally, OXPHOS potential, mitochondrial complex protein expression, and mitochondrial complex I and IV activity were reduced in HT-treated cells ([*SI Appendix*, Fig. S5 *C*--*E*](#d35e490){ref-type="supplementary-material"}). Overall, these data indicate that HT can induce an OXPHOS-dormant phenotype characterized by the loss of mtDNA and mitochondrial complex activity ([@r14]).

![mCAF-derived EVs promote the exit from HT-induced tumor dormancy. (*A*) Schematic of the experimental design and representative flow plots: HT-naive cells were FACS isolated from xenografts (GFP^+^) or luminal breast cancer cell lines and were treated with HT (fulvestrant, 10 μM/wk) for 2 mo; HTD cancer cells (6% of the viable population, HTDorm) were FACS purified (Dapi^−^) and displayed a single-cell (nonproliferating) morphology in 3D. (Scale bar,100 μm.) (*B*) mtDNA levels (determined by qPCR and expressed as fold change; naive cells were used as reference) in luminal breast cancer cells and xenograft-derived cells (multiple models) ± HT (fulvestrant, 10 μM) for 2 mo. (*C*) Dormant MCF7 cells (HTD) were isolated ([*SI Appendix*, Fig. S5](#d35e490){ref-type="supplementary-material"}) and treated weekly for 4 wk with 3 × 10^9^ mCAF-derived EVs (wt-mtDNA^hi^ or ρ0-mtDNA^lo^) + HT (fulvestrant, 10 μM/wk). After 40 d, mammosphere (MS) number and mitochondrial membrane potential (Δψ) were determined by TMRE staining (red) in HTR/mito^hi^-EV-- and HTD/mito^lo^-EV--educated cells. (Scale bars, 15 μm.) (*D*) Confocal microscopy of HTD cells incubated for 48 h with PKH67 Green-labeled mCAF EVs (green), MitoTracker-labeled mitochondria (red), and EVs colocalized with mitochondria (yellow). (Scale bar, 5 μm.) (*E*) Mu-mtDNA level (qPCR, *ND1*) shown as the fold increase (log~10~ scale) of the reference HTD from the two HTD--HTR models (MCF7 and BT474) described in *C*. (*F*) Mu-mtRNA expression of 14 genes (shown as fold change, −log~10~ scale) determined by qRT-PCR in HTR and HTS cells in *E* (reference HTD cells; MCF7); the expression of nuclear-encoded (nonmitochondrial) murine RNA transcripts was also determined (Cox4, β2M). (*G*) Schematic, representative photographs, and bar graph showing BLI of tumor growth derived from HTD cells (ZR751 GFP^+^/Luciferase^+^ cells) injected in the MFP of mice (*n* = 5 per group) that were treated weekly for 8 wk via retroorbital injection with 3 × 10^9^ wt-mito^hi^ or ρ0-mito^lo^ mCAF-derived EVs. Data are shown as mean ± SD at the end point (4 mo); \**P* \< 0.05 (student's *t* test). The mu-mtDNA level is reported as the copy number (qPCR, *ND1*) in FACS-purified ZR751 EV-educated cells at the end point of the experiment. (*H*) Representative gel electrophoresis from whole mu-mtDNA PCR amplification using a set of nuclear mitochondrial sequences (NumtS) excluding overlapping primers in cancer cells from *G* (grey, mito^low^ EV-derived tumor cells; purple mito^hi^ EV-derived tumor cells) ([*Materials and Methods*](#s11){ref-type="sec"}). Data in *B*, *C*, and *E*--*G* are reported as the mean of three independent experiments; error bars indicate SD; In *B*, *C*, *E*, and *F*, \**P* \< 0.05 (student's *t* test).](pnas.1704862114fig05){#fig05}

Given the observation that HTR disease harbors mu-mtDNA ([Fig. 2](#fig02){ref-type="fig"}), we asked if EVs could transfer their mtDNA to HTD cells, resulting in an exit from metabolic quiescence. To test this, we isolated EVs from murine CAFs (wild type or ρ0) and administered them to HTD cells once weekly for 4 wk in the presence of HT ([Fig. 5*C*](#fig05){ref-type="fig"}, schematic). After 6 wk we observed the proliferation of HTD cells as mammospheres with self-renewing capacity (HTR-EV cells) ([Fig. 5*C*](#fig05){ref-type="fig"}). The functional consequences of the mtDNA transfer led to the activation of mitochondrial membrane potential \[determined by tetramethylrhodamine, ethyl ester (TMRE) staining\] observed in (MCF7, BT474) HTR-EV cell models ([Fig. 5*C*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S6*A*](#d35e490){ref-type="supplementary-material"}). By confocal microscopy and electron microscopy we observed the colocalization of labeled (PKH67 and TSG101) EVs with the mitochondria 48 h after their administration to breast cancer cells, including HTD cells, suggesting that EVs can fuse with recipient cells' mitochondria ([Fig. 5*D*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S6*B*](#d35e490){ref-type="supplementary-material"}). Additionally, in agreement with the molecular studies, the majority of CAF-EVs harbor DNA, which could be transferred to recipient cells as determined by confocal microscopy analysis ([*SI Appendix*, Fig. S6*C*](#d35e490){ref-type="supplementary-material"}). In contrast to HTD cells, OXPHOS-proficient cancer cells (control cells never treated with HT) did not contain mu-mtDNA following mtDNA^hi^-EV administration either in vitro or in vivo (copy number = 0), suggesting that OXPHOS-deficient cancer cells were more permissive for the uptake and retention of exogenous mtDNA (up to 10,000 copy numbers) ([*SI Appendix*, Fig. S6*D*](#d35e490){ref-type="supplementary-material"}). In agreement with this observation, HTR mito^hi^-EV--educated cells (MCF7 and BT474) demonstrated the presence of mu-mtDNA and the expression of the complete murine mitochondrial transcriptome ([Fig. 5 *E* and *F*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S6*E*](#d35e490){ref-type="supplementary-material"}). In multiple luminal breast cancer models of HTD to HTR (mito^hi^-EV--educated) cells, we observed increased mitochondrial complex I and IV activity and restoration of normal-appearing mitochondria ([*SI Appendix*, Fig. S6 *F* and *G*](#d35e490){ref-type="supplementary-material"}). Additionally these HTR mito^hi^ cells displayed sensitivity to OXPHOS inhibition in vitro ([Fig. 2*F*](#fig02){ref-type="fig"}).

We next asked if the transfer of mtDNA in vivo could promote exit from metabolic dormancy. We injected HTD cells into the MFP of mice followed by weekly injections of either CAF-derived mito^hi^-EVs or EVs lacking mtDNA (mito^lo^-EVs). After 2 mo, three of five mice from the EV-injected cohort had developed large tumors, while two of five control mice had very small tumors ([Fig. 5*G*](#fig05){ref-type="fig"}). Analysis of tumors from mito^hi^-EV--educated mice demonstrated the presence of the whole mu-mtDNA genome by PCR and sequencing analyses of the mu-mtDNA only in FACS-purified tumor cells from mito^hi^-EV--educated xenografts (GFP^+^) ([Fig. 5 *G* and *H*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S7*A*](#d35e490){ref-type="supplementary-material"}). We then asked whether a higher mu-mtDNA level would persist following ex vivo passages. Cancer cells isolated from mito^hi^-EV xenografts were cultured for up to 120 d, and the mtDNA level was determined. We found that mu-mtDNA was lost after 30 d of ex vivo culture, suggesting that continuous EV education is needed for exogenous mtDNA transfer and activity ([*SI Appendix*, Fig. S7*B*](#d35e490){ref-type="supplementary-material"}).

Finally, we asked whether the loss or decreased production of mtDNA^hi^-EVs (ρ0-CAFs) could interfere with the CAF-induced exit from dormancy of HTD cells. We coinjected wild-type or ρ0 mCAFs with HTD cells in the MFP (MCF7-Luciferase/GFP^+^). After 6 mo, 90% (9/10) of mice bearing mCAFs/HTD cells had tumors and metastases, whereas only 17% (2/12) of mice harboring mtDNA^lo^CAF/HTD cells generated tumors, and these mice developed no metastases ([*SI Appendix*, Fig. S7*C*](#d35e490){ref-type="supplementary-material"}). Molecular analysis showed that cancer cells isolated from HTD cells that had exited dormancy expressed mu-mtDNA, determined by *ND1* mtDNA copy number and the presence of murine *COX3* and *ND5* mtDNA genes ([*SI Appendix*, Fig. S7*D*](#d35e490){ref-type="supplementary-material"}). Taken together, these data demonstrated that mtDNA^hi^-EVs promoted the exit from HT-induced metabolic dormancy in luminal breast cancer.

MtDNA Horizontal Transfer Preferentially Occurs in Cancer Stem Cell-Like Cells in Vivo, Leading to Increased Self-Renewal with HT. {#s9}
----------------------------------------------------------------------------------------------------------------------------------

Many mechanisms of HT resistance have been postulated, including Her2 overexpression, ERα mutations, and cancer stem cell-like cell (CSC) propagation ([@r14], [@r16], [@r22], [@r23]). Notably, we have determined that these CSCs are localized in stromal niches ([@r16]) and require OXPHOS potential to self-renew ([@r14], [@r24]).

Here, we asked whether the horizontal transfer of mtDNA could occur in CSCs. To do so, we used recently generated primary cultures from HTR PDXs ([@r16]). In agreement with previous studies ([@r14], [@r16], [@r22], [@r23]), using CD133 and CD44 as markers, we found that HT promoted the expansion of self-renewing CD133^hi^/CD44^hi^ CSCs from these PDX cultures ([Fig. 6 *A* and *B*](#fig06){ref-type="fig"}). Further analysis of FACS-purified populations demonstrated the selective enrichment of mu-mtDNA in CD44^hi^CD133^hi^ CSCs compared with noncancer stem cell-like populations (nCSCs) ([Fig. 6*C*](#fig06){ref-type="fig"}).

![mtDNA horizontal transfer in vivo preferentially occurs in CSCs, leading to increased self-renewal with hormonal therapy. (*A*) Representative CD133/CD44 expression by flow analysis of HRT PDX cancer cells and controls (no HT). Briefly, cancer cells were isolated from patient-derived bone metastases (sample 4), grown in culture dishes for 2 wk, and then injected into the MFP of NOD/SCID mice treated with HT (fulvestrant, 1 mg/wk). After 5 mo, tumor tissues were digested, and cancer cells were cultured in vitro and FACS sorted. (*B*) Representative images of 3D cell cultures (low-attachment plates at day 7) of the three cell populations derived from *A*. (Scale bars, 100 μm.) (*C*) The mu-mtDNA level is reported as copy number (qPCR, ND1) in FACS-purified cancer cell populations from *A*. (*D*) Bar graph showing mtDNA copy number as fold increase of the ratio of murine versus human mtDNA in cell populations from *A*. (*E*) Self-renewal potential as secondary mammosphere formation (II-MS) in the presence of mitochondrial poisons administered every 48 h in CD44^hi/^CD133^hi^ CSCs at day 7 of 3D culture (rotenone 100 nM, oligomycin 200 nM). Data in *C*--*E* are reported as the mean of three independent experiments; error bars indicate SD; \**P* \< 0.05 (student's *t* test).](pnas.1704862114fig06){#fig06}

Similar to the PDX model, MCF7-HTR showed increased mu-mtDNA copy number in CSCs (CD44^hi^CD133^hi^) ([*SI Appendix*, Fig. S8*A*](#d35e490){ref-type="supplementary-material"}). Interestingly, a higher mu-mtDNA copy number was associated with a slight decrease in human mtDNA levels in CSCs ([*SI Appendix*, Fig. S8*B*](#d35e490){ref-type="supplementary-material"}). Thus, the ratio of murine/human mtDNA was much higher in CD44^hi^CD133^hi^ cells ([Fig. 6*D*](#fig06){ref-type="fig"}). Notably, these observations were in agreement with our previous findings of increased expansion of dormant CD133^hi^ CSCs with decreased mtDNA copy number ([@r14]).

To investigate the functional consequences of OXPHOS activity in the expansion of HTR-derived mu-mtDNA^hi^ CSCs, we treated these cells with selective inhibitors of mitochondrial respiratory chain complexes (RCC), oligomycin and rotenone. Consistently, self-renewal potential, quantified as secondary mammosphere potential, was dramatically reduced following RCC inhibition ([Fig. 6*E*](#fig06){ref-type="fig"}).

Overall, these observations in multiple models of ER^+^ breast cancer demonstrate that CAFs can package relatively large amounts of DNA---the full mitochondrial genome---into EVs, which is released and taken up by dormant CSCs followed by the transcription of the donor mtDNA, resulting in higher OXPHOS potential and exit from metabolic quiescence or dormancy of CSCs and the development of HT resistance. Our data highlight how the horizontal transfer of mtDNA via EVs from the tumor microenvironment promotes OXPHOS-proficient CSCs, leading to therapy-resistant metastases ([@r25], [@r26]). Thus, we propose that EVs play a pivotal role in cancer metabolism, with potentially broad implications for their control ([@r27]).

Discussion {#s10}
==========

The role of EV DNA transfer in human disease remains poorly investigated ([@r3]). Furthermore, the composition of EV DNA and whether this molecule is inside the vesicles is still a conundrum ([@r28]).

Since the discovery of the Warburg effect, many efforts have been made to study metabolic reprogramming in cancer cells from the gain of oncogenes, metastatic progression, and in response to therapy. In agreement with other investigators ([@r26], [@r29], [@r30]), we demonstrated that luminal breast cancer cells (comprising ≥70% of human breast cancer) require efficient mitochondrial respiration to maintain their tumorigenic potential ([@r30]). Both triple-negative and Her2^+^ breast cancer cell lines are more dependent on anaerobic glycolysis, as depletion of mtDNA decreases their metastatic capacity, suggesting that functional respiration is required for metastatic dissemination ([@r9]). These observations are supported by the association between the occurrence of deleterious mtDNA mutations and a low tumorigenic phenotype ([@r31]). Conversely, genetic reconstitution of mitochondrial function (using cybrids) of mtDNA-depleted cancer cells promoted reactive oxygen species production, leading to cell proliferation ([@r32]).

Cross-species exchange of mtDNA did not restore OXPHOS potential in xenocybrids ([@r33]). However, whether the transfer of mtDNA from a murine cell to a human cancer cell via EVs could rescue mitochondrial bioenergetics was never postulated before. Therefore, our model differs from xenocybrids in several respects. (*i*) We do not use enucleated donor cells, which function as "mitochondrial" donors containing full mitochondria, cytoplasm, and organelles that fuse with recipient cells. (*ii*) Our recipient cells are not mtDNA depleted but have reduced mtDNA from hormonal therapy. (*iii*) We perform experiments with EVs, which are vehicles capable of transferring genomic DNA from one cell type to another, conferring profound phenotypes, including transformation ([@r19]). (*iv*) EVs fuse with resident mitochondria (this paper) and are known to traffic to mitochondria via Rabs ([@r34]). Additionally, work by Kukat, et al. ([@r35]) has determined that the 16-kb mtDNA genome can fit in a nucleoid which is ∼100 nm in diameter, similar to the size of our vesicles. Our experimental model demonstrates the transfer of exogenous mtDNA in vivo and in vivo via EVs and provides its functional consequence in OXPHOS-dependent breast cancers.

Mutations, deletions, and changes in mtDNA copy number have been observed in cancers, particularly in response to therapy ([@r36][@r37]--[@r38]). However, the mechanisms and the clinical relevance of these phenomena remain unclear. These mutations may represent passenger events during therapy-driven cancer cell selection ([@r39]); alternatively, when accumulating toward homoplasmy, they may be drivers of disease ([@r40]), playing a prominent role in chemoresistance. While decreased mtDNA copy number reduces replication, conferring resistance to antineoplastic drugs such as anthracyclines and taxanes ([@r41], [@r42]), efficient mitochondria biogenesis would make cells more resistant to antimitochondrial agents, as was demonstrated in melanomas treated with BRAF inhibitors ([@r43]).

In contrast to the dogma that mtDNA and mitochondria are retained and propagated within somatic cells of higher organisms, recent studies have pointed out that mitochondria and mtDNA can move between mammalian cells via dynamic intercellular organelle highways or nanotubes ([@r9], [@r44], [@r45]). Seminal work from Giuseppe Attardi's laboratory demonstrated the complementation of respiratory function via exogenous mitochondria in the ρo model ([@r46]). Additionally, it was recently shown that astrocytes and mesenchymal stem cells could release mitochondrial particles in microvesicles, which were taken up by damaged neurons or macrophages, enhancing their survival or OXPHOS activity ([@r47], [@r48]). In agreement with these observations, our data provide evidence that mtDNA can be transferred via EVs from stromal cells to cancer cells to sustain OXPHOS potential and mediate an exit from therapy-induced metabolic dormancy.

The mechanisms by which the complete mitochondrial genome is selectively packaged within EVs are not known. We suggest that the cells most capable of producing mtDNA^hi^-EVs are those that can readily reprogram their metabolism in response to oxidative stress, resulting in reduced mitochondrial activity (OXPHOS) and increased mtDNA replication. Most normal cells respond to oxidative stress, hypoxia, DNA-damaging agents, and/or nutrient deprivation by undergoing autophagy, apoptosis, and senescence ([@r48]). The cells that survive or even continue to proliferate in these conditions are those we hypothesize to be the optimal producers of functional mtDNA^+^-EVs. It was recently shown by Phinney, et al. ([@r48]) that in response to oxidative stress mesenchymal stem cells package depolarized mitochondria in very large microvesicles. Although we did find entire mitochondria in our mass spectrometry and electron microscopy experiments, it is possible that mitochondria generate EVs that contain some mitochondria components, including mtDNA. These mitochondria-derived EVs are released and transfer their cargo in recipient cells. Indeed, by semiquantitative mass spectrometry, we found some mitochondrial proteins (e.g., ATP5A, VDAC1, mitochondrial phosphate carrier protein and mitochondrial peroxiredoxin-5) ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Table S3](#d35e490){ref-type="supplementary-material"}) in addition to an abundance of proteins commonly found in vesicles of endocytic origin. Importantly, once EVs are taken up by cells, it is not known how the mtDNA is incorporated within the mitochondria, which would require traversing multiple EV and mitochondrial membranes, possibly through the translocase of the outer/inner membrane (TOM/TIM) complexes. Our study provides an important platform for further studies to elucidate how the full mtDNA genome is packaged, released, taken up, and incorporated into recipient cells.

ER^+^ disease can recur years to decades after the primary tumor diagnosis, suggesting that tumor cells have the capacity to remain dormant for prolonged periods of time ([@r49], [@r50]). Determining how tumor cells are induced into a dormant state and the systemic cues that eventually cause dormant CSCs to exit dormancy (increased CSC self-renewal), leading to hormone-refractory metastatic disease, are poorly understood, in large part due to the paucity of clinical material and relevant animal tumor models. In our current study, we have generated such models and identified the presence of mtDNA-EVs in the circulation of patients with HTR ER^+^ metastatic disease and of HTR tumor-bearing mice. We demonstrated in preclinical models that (*i*) although HT eradicates many cancer cells, some undergo a state of viable dormancy, characterized by the loss of mtDNA; (*ii*) the development of HTR full-blown metastatic disease occurs through the restoration of mitochondrial function; and (*iii*) this may occur through the transfer of mtDNA to CSCs via CAF-EVs.

Additionally, we demonstrate a specific genome packaged in EVs (mtDNA) and the phenotype derived from its horizontal transfer in breast cancer. In summary, our data support the hypothesis that in cancer mtDNA^+^-EVs/exosomes are found and act as "infectious" mediators of therapy resistance in OXPHOS-dependent human cancers, leading to metastatic progression ([*SI Appendix*, Fig. S9](#d35e490){ref-type="supplementary-material"}).

Materials and Methods {#s11}
=====================

Isolation and Characterization of EVs. {#s12}
--------------------------------------

EV isolation from the plasma of patients ([*SI Appendix*, Table S1](#d35e490){ref-type="supplementary-material"}) and the conditioned media of cancer and stromal cell cultures was performed using sequential centrifugation. The EVs were treated or not, depending on the experiment, with 1 U of Baseline-ZERO DNase0 solution (Epicentre) for 1 h at 37 °C to digest DNA adherent to the surface of EVs or present in solution and were subsequently inactivated for 10 min at 65 °C. Vesicle preparations were verified by electron microscopy. Exosome size and particle number were analyzed using the LM10 or DS500 nanoparticle characterization system (NanoSight; Malvern Instruments) equipped with a blue laser (405 nm).

Cell Lines and Primary Cultures. {#s13}
--------------------------------

Human cancer cell lines are described in [*SI Appendix*, *Materials and Methods*](#d35e490){ref-type="supplementary-material"}. Mitochondria-depleted cells (ρ0 cells) ([@r51]) were generated by administering CAFs/cancer cultures with ρ0 medium (2 mM glucose, 1% FCS, 0.4 μg/mL ethidium bromide, 50 μg/mL uridine, 100 μg/mL pyruvate) for 2 mo. Primary cultures of CAFs and cancer cells from breast cancer xenografts (Memorial Sloan Kettering Cancer Center Institutional Review Board approval no. 97-094) and PDX were established from primary and metastatic tissues of xenografts treated with and without HT ([@r16]). Cancer cells were obtained following tissue enzymatic digestion (collagenase/hyaluronidase) and cell-sorting purification (GFP^+^/DAPI^−^) and were passaged in vitro. Fulvestrant (HT) was purchased from Sigma-Aldrich. For all EV studies, cells were grown in exosome-depleted FBS (Gibco, Thermo Fisher Scientific).

EV Education of HTR Experimental Breast Cancer. {#s14}
-----------------------------------------------

The in vivo role of CAF EVs in the promotion of HTR luminal breast cancer was determined by injecting CAF EV (mCAFs, isolated from HTR xenografts and cultured in vitro; [*SI Appendix*, *Materials and Methods*](#d35e490){ref-type="supplementary-material"}) and mtDNA-depleted EVs (from mtDNA-depleted CAFs) into the venous circulation of tumor-bearing mice (weekly retroorbital injection of 3 × 10^9^ particles per mouse). MtDNA-EV education of HTD cells was performed as described in [*SI Appendix*, *Materials and Methods*](#d35e490){ref-type="supplementary-material"}.

Mitochondrial Activity Assay. {#s15}
-----------------------------

Mitochondrial respiration and OXPHOS potential in cells was assessed using Seahorse technology ([www.agilent.com/en-us/promotions/xftechnologyoverview](http://www.agilent.com/en-us/promotions/xftechnologyoverview)) ([@r51]). The OCR, extracellular acidification rate, and glycolytic potential were determined using the Seahorse extracellular flux analyzer (XF-96, XF-24; Seahorse Bioscience). To allow comparisons between experiments, data are presented as OCR (pmol/min). Graphs showing the kinetics of OCR under the basal condition followed by the sequential addition of oligomycin (1 μM), 2-deoxy-[d]{.smallcaps}-glucose (2DG) (50 mM), rotenone (300 nM), and glucose (20 mM) are in [Fig. 2*B*](#fig02){ref-type="fig"} (Cell Mito Stress Kit; Seahorse Bioscience). The progress curve is annotated to show the relative contribution of basal, ATP-linked (oligomycin) oxygen consumption and the reserve capacity of the cells (after the addition of 2DG + rotenone). Furthermore, OXPHOS potential was determined by measuring the area of the progress curve after the addition of glucose and rotenone/oligomycin.

MtDNA/nDNA Copy Number Quantification. {#s16}
--------------------------------------

Human and murine mtDNA and housekeeping DNA were amplified by standard PCR (mitochondrial: *ND1* and *ND5*; nuclear: *GAPDH* and *ACTIN*) ([*SI Appendix*, Table S4](#d35e490){ref-type="supplementary-material"}) and subsequently were extracted from agarose gels using the Nucleospin Gel and PCR Clean-Up Kit (Macherey Nagel) and quantified using an Agilent 2100 Bioanalyzer. DNA copy number was calculated using the following formula: Copy number = (Ng × 6.022 × 1,023)/(length × 1 × 109 × 650) where *Ng* represents the concentration of the eluted sample, 6.022 × 1,023 represents Avogadro's number, *length* represents the length of the amplicon in base pairs, and 1 × 109 × 650 represents the average weight of a base pair in nanograms. Standard curves were created by qPCR amplifying serial dilutions of the amplicon of interest and were used to interpolate the cycle threshold (CT) data for quantification. For our experiments, we calculated the absolute copy number of mtDNA in 10 ng of total EV-DNA (from 10^13^ particles). The total amount of EV DNA ranged from 500 ng to 2.5 μg, depending on the model.

Whole-mtDNA Amplification and Sequencing Assays. {#s17}
------------------------------------------------

Total DNA (1--5 ng) was used for mtDNA amplification with the MitoALL Resequencing kit (Applera). PCR amplification and Sanger sequencing of 46 amplicons were performed as previously described ([@r52]). Electropherograms were analyzed by SeqScape software (Applied Biosystems). Functional annotation was performed by applying previously described methods ([@r21]) and consulting MitoMap ([@r53]) and HmtDB ([@r54]). Mu-mtDNA was also sequenced using a specific 46-amplicon PCR technique (this method is under patent approval, and its details cannot be included). Long-range PCR and qPCR ([*SI Appendix*, *Materials and Methods*](#d35e490){ref-type="supplementary-material"}) were used to amplify the whole mu-mtDNA using three pairs of overlapping primers ([@r55]). The 5′ extremity of the primers was modified with an amino C6 sequence so that the annealing temperature could reach 68 °C and lead to a more specific amplification. Each amplification reaction was performed on a total of 20 ng of DNA with a GeneAmp PCR System 9700 version 2.5 model (Applied Biosystems). Amplicons were visualized on a 0.8% agarose gel using the ChemiDoc XRS+ System (Bio-Rad).

Statistical Analysis. {#s18}
---------------------

Statistical analysis was performed by SPSS (SPSS Incorporation). Continuous variables were analyzed by unequal variance *t* test, paired *t* test (for samples, *n* = 2), general linear model (GLM) ANOVA, or GLM for repeated measures (samples, *n* \> 2). Mann--Whitney, Wilcoxon, and Friedman tests were used to analyze ordinal variables. *P* values were adjusted for multiple comparisons according to Bonferroni correction. All tests were two-sided. *P* \< 0.05 was considered significant.
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